Abstract: Laparoscopic diffuse optical spectroscopy (DOS) is demonstrated with fiber-probes attached to a bipolar-device. The DOS spectra acquired over a 10mm fiber-separation differentiated a 4mm vessel or ureter simulating-structure at a 2mm-depth in tissue.
Introduction
Minimally invasive (pure laparoscopic or robotic-assisted laparoscopic) procedures have increasingly become the preferred surgical approach for management of solid-organ urologic malignancy including prostate, bladder and kidney cancers. When compared to open procedures, laparoscopic procedures are faced with more challenges in proper identification of anatomical "danger zones" which are large arteries/veins, ureter, bowel, etc. Identification of these areas is more difficult due to absence of or poor tactile feedback from robotic assisted and pure laparoscopic techniques respectively. Techniques that help identify significant tubular structures below tissue surfaces that the surgeon cannot see would have the potential to reduce iatrogenic injury, and lower operative times due to timely identification for direct enhancement of surgical outcomes. Stand-alone laparoscopic probes based on sensing mechanical pressure change in blood vessel due to pulsation have been demonstrated [1, 2] . Another laparoscopically applicable device detects the variation of electrical impedance in arterial vessels due to the distensile variation associated with blood pulsation [3] . Sensing the pulsation mechanically or electrically may provide finger-like palpation sensitivity for identifying arterial vessels, but could have limited sensitivity in identifying low-or non-pulsatile vessels such as veins, ureters, or bowel.
Strong and characteristic light absorption by hemoglobin that can be readily measured at transmission geometry has been proposed for integrating within laparoscopic procedures towards identifying blood vessels [4] . A transmission measurement of light absorption could allow sensitive identification of vessel-containing tissue if the tissue lies between the two grasping jaws of a laparoscopic grasping device; however, tissue dissection does not always allow the surgeon to place tissue between the grasping jaws of laparoscopic instruments which would require 270 degree dissection around the tissue being examined. In laparoscopic procedures, dissection requires layer-by later dissection of tissue planes and the critical tubular structures including blood vessels and the ureters which lie deep below these tissue planes cannot be placed between the jaws of a laparoscopic grasping device. Identification of the "danger zones" will require the use of signals that can interrogate the deep sub-surface tissue heterogeneity not in the transmission photon path between the grasping jaws of a bipolar device on the surface of tissues.
Diffuse optical spectroscopy (DOS) utilizing light diffusely propagated within tissue has shown the potential of non-invasively and laparoscopically sensing the bio-chemical tissue heterogeneity including monitoring tissue oxygenation [5] , using stand-alone laparoscopic fiber-optical-probes with fixed source-detector positons. In this work, we demonstrate a simple DOS approach of piggy-backing fiber-optical probes to a laparoscopic bipolar device for the potential to identify subsurface tubular heterogeneities such as blood vessel and ureter that could be difficult to visualize or to palpate. The method is feasible to be integrated with laparoscopic devices for real-time and all-time use for assisting identification of subsurface tubular structure during urological layer dissection.
Methods and Materials

Fiber optical probes fixed to a robotic laparoscopic bipolar device for diffuse optical spectroscopy
A robotic precise bipolar forceps device (Da Vinci® 420110) sterilized after expiration from clinical operations, as shown in Fig 1(A) , was used for placing fiber-optical probes. One 3-meter long in-house flat-polished 320µm fiber (H320R, New Star Lasers Inc., Roseville, CA) with an SMA-905 terminator at the instrument end was fixed to the exterior-lateral aspect of each of the grasping jaw of the bipolar device, by using heat-shrinking tubing. The fixation of the fiber probes to the laparoscopic device could be made permanent by using optical epoxy or disposable by placing the fibers on a structure sleeve-coupled with the jaws of the laparoscopic device. The two fiber-probes were blinded to each other as their line-of-sight was blocked by the forceps and the heat-shrinking tubing. The fiberoptical cables were loosely attached to the stem of the laparoscopic device by heat shrinking tubing, allowing the passage of the laparoscopic device with the fiber cables through a standard 12-mm trocar port.
Diffuse optical spectroscopy system using the fiber-optical probes fixed to the laparoscopic bipolar device
The system using the fiber-optical probes fixed to the laparoscopic bipolar device for testing DOS of subsurface tubular structure is schematically illustrated in Figure 2 . The laparoscopic device was positioned vertically, and loosely confined with freedom of tilting laterally. The jaws of the bipolar device were opened to place the tips of the two fibers at a fiber-to-fiber-separation of 10mm (the source-detector distance used for all measurements), by aligning the tips of the fibers with two additional 320µm fibers that were individually positioned in the vertical direction and translated by two linear three-dimensional stages. An ultra-bright broadband laser-driven-light-source (EQ-99XFC, Energetiq Inc., Woburn, MA) was coupled to one fiber-probe fixed to the bipolar device for tissue illumination. The other fiber-probe fixed to the bipolar device was coupled to a compact visible/near-infrared spectrometer (NT58-303; Edmund Optics Inc., Barrington, NJ, USA) with 16-bit data resolution (0-65535). The system had a useful spectral response of 400-1000nm. The DOS spectra from all mediums including tissue over the 10mm source-detector-distance were acquired at a 100ms exposure time at a reduced ambient lighting.
Tissue phantoms simulating single subsurface blood-vessel at the middle sagittal plan of the fiber-optical probes
The performance of subsurface vessel-like structure identification by the fiber-probes fixed to the bipolar device was tested at the same 10mm source-detector-separation on both solid and aqueous tissue phantoms with tubular inclusions of different sizes containing red food coloring dye (Assorted Food Color & Egg Dye, Wal-Mart Stores Inc, Bentonville, AR). Three solid tissue phantoms (Biomimic, INO Inc, Québec CANADA) with nearly-identical reduced scattering coefficients (1.0mm -1 ) and different absorption coefficients (0.0055mm -1 for PB0383, 0.0109mm -1 for PB0385, and 0.021mm -1 for PB0335) were used. On these solid phantoms (Figure 3(A) ) through-holes of 1, 2, 3, and 4mm in diameter and 25mm in length were drilled in parallel to the surface of the phantom at either a center depth of 5mm or an edge depth of 2mm for filling with 1% intralipid with a red dye concentration of 0.4%. The aqueous tissue simulating phantom was a 1% bulk intralipid solution (Figure 3(B) ) representing a reduced scattering coefficient of 1.0mm -1 and an absorption coefficient of 0.0023mm -1 at 800nm. A Tygon grade tubing of either 2mm or 4mm inner diameter was positioned within the aqueous tissue phantom to mimic an isolated vessel-structure at different depths. A syringe was used to inject red food coloring dye of different concentrations (1, 2, 3, 4, 5cc dye mixed with 10cc saline) through the tubing embedded in the intralipid solution. In all these measurements, a reference DOS spectrum was acquired from corresponding homogeneous medium for normalizing the measurement.
Chicken breast tissue with subsurface tubular heterogeneity mimicking blood-vessel and water-lumen
A Tygon grade tubing of 4mm inner diameter was embedded within a boneless chicken breast at an approximate edge depth of 2mm (Figure 4) , for testing the potential of using the fiber probes fixed to the bipolar device for DOS identification of subsurface tubular heterogeneity in soft tissue in a condition resembling that under urological layer dissection. A reference measurement was taken from a relatively homogeneous parenchyma distant from the site of tubing structure. The DOS spectra were measured at the following contents in the tubing embedded below the surface: air, water, red or yellow or blue dye all at 5cc mixed with 10cc saline. The tubing was rinsed a few times with water by syringe injection before injecting a dye of color different from a previous injection.
Results
Laparoscopic diffuse optical spectroscopy of single subsurface vessel-structure in solid and aqueous phantoms
The DOS results corresponding to one solid phantom (PB0393) are presented in Figure 5 . The relatively stronger spectral absorption due to the red-dye was remarkable for the 3mm and 4mm through-holes for a center depth of 5mm. The DOS results corresponding to the aqueous phantom are presented in Figure 6 . The relatively stronger spectral absorption due to the red-dye/tubing was remarkable for the tubing depth of 5mm to 1mm.
Laparoscopic diffuse optical spectroscopy of single subsurface vessel-structure embedded in muscle tissue
The DOS results corresponding to single 4mm tubing embedded at a 2mm depth in the chicken breast are presented in Figure 7 . As shown in (A), the relative spectral change differentiated between a dye-filled tubing (increased absorption) from a water-filled or air-only tubing. As shown in (B), the relative spectral change corresponded to the colors (yellow, red, and blue) of the dye content of the tubing. Works are on-going for model-based recovery of quantitative vessel-content information. 
Discussions and Conclusion
The laparoscopic DOS was performed on tissue phantoms and soft tissue by using fiber-optical probes attached to the grasping jaws of a laparoscopic bipolar device. The use of an ultra-bright broadband light source allowed laparoscopic DOS from soft tissue with a 10mm source-detector separation at 100ms exposure time. This phantom and tissue studies demonstrated the potential of using laparoscopic DOS to identifying subsurface tubular heterogeneity embedded in a soft tissue at a few millimeters depth that resembles the tissue conditions during urological layer dissection. The implementation of this approach intraoperatively will require many issues to be overcome, including developing a fiber-probe that does not obstruct the tissue manipulation of the jaws when piggybacked to a laparoscopic device, and time-gating between DOS illumination and laparoscopic lighting.
